Infrared and Raman spectra of solid and dissolved S4 14 Ni and of solid S 4 15 N 4 have been recorded and assigned in accordance with the molecular point group D2d. 22 of the 28 fundamental vibrations of both molecules have been identified and used to calculate force constants applying a modified Urey-Bradley force field with 9 independent constants. Good agreement between observed and calculated wavenumbers was obtained, and both Urey-Bradley and valence force constants are given. The results indicate that-S4N4 basically contains eight SN single bonds and two extremely weak SS bonds.
Introduction
Tetrasulfurtetranitride (S 4 N 4 ) is one of the best known sulfur compounds mainly due to its peculiar cage-like structure ( Fig. 1) and its unique reactivity which makes it the starting material for the preparation of a large number of other sulfur-nitrogen compounds. The molecular structure and bonding properties have been studied by X-ray diffraction on single crystals at 25 °C [2] and at -153 °C [3] , by molecular orbital calculations [4 -8] and various spectroscopic techniques. These investigations show that the nitrogen atoms in S 4 N 4 form a square while the sulfur atoms are located at the corners of a slightly distorted tetrahedron (elongated in the direction of the two-fold axis perpendicular to the plane defined by the nitrogen atoms resulting in a bisphenoid). The cage-like structure is based on eight strong SN covalent bonds of length 162 pm and at least two weak SS bonds of length 258 pm [2] . Some authors, however, suggest that there might be bonding interactions between all four sulfur atoms [3, 9] and others even claimed bonds between the four nitrogen atoms [10] . The strength of attractive and repulsive forces within a molecule can be elucidated by means of valence force constants to be calculated from vibrational spectra. A first attempt to assign the infrared and Raman spectra of S 4 N 4 to the fundamental vibrations of the molecule and to calculate force constants was made by Lippincott and Tobin [11] but was based on a wrong molecular structure (the inverse cage structure with a square of sulfur and a tetrahedron of nitrogen atoms including two NN bonds). Later Bragin and Evans [12] reinvestigated the vibrational spectra and calculated 10 valence force constants from 12 observed fundamental frequencies. However, several of the force constants obtained by these authors have very unlikely values indicating that either the assignment is in error or the force field unsuitable (for a detailed discussion see below). In a recent investigation Turowski, Appel, Sawodny and Molt [13] remeasured the vibrational spectra of S 4 N 4 and performed a force constants calculation. These authors felt, however, that the insufficient spectroscopic data did not allow the determination of all force constants in a unambiguous way and therefore did not report any details of their calculations nor complete results but just the SN and SS stretching force constants stating these "should be least doubtful".
In an attempt to finally solve the problem of vibrational assignment and to calculate reliable force constants, the infrared and Raman spectra of S 4 14 N 4 and, for the first time, S 4 15 N 4 were recorded and a normal-coordinate analysis based on a modified Urey-Bradley force field was carried out. . These bands were not present in freshly prepared samples, and the i.r. spectra of S 4 N 4 were independent on the disc material.
Raman spectra were recorded at room and low temperatures on a Cary 82 spectrometer equipped with a triple monochromator and a krypton laser (647.1 nm). The spectrometer had been calibrated using solid indene. No Raman lines could be detected in the region 800 -4000 cm -1 .
The force constant calculations were performed on a CYBER 170 computer utilizing the programs BGLZ and LSMA by Shimanouchi [16] .
Vibrational Spectra and Assignment
The measured wavenumbers and intensities are given in Table 1 
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Three of the internal modes must belong to the symmetry species A x and therefore should give rise to intense and polarized Raman lines. Several authors [12, 13] reported the lines at 720, 565 and 201 cm -1 (in solution) to be the only polarized ones and assigned them accordingly. This is in agreement with the present results ( Table 1) . From the symmetry coordinates given below (Table 4) it can be seen that one of the A x modes (v 3 ) must be the symmetric SS stretching vibration. In agreement with earlier authors [18, 20] Table 3 (not published before). This salt contains an anion which is structurally related to S 4 N 4 but possesses only one SS bond (the other one being bridged by the additional nitrogen atom) [22] . The wavenumbers in Table 3 show that there is now only one strong Raman line in the 100 -300 cm -1 region. In aqueous solution this line occurs at 193 cm" 1 and is clearly polarized.
Of the many i.r. absorption bands of S 4 N 4 which should belong to the B 2 and E species the one at 344 cm -1 must represent a degenerate mode since it occurs as a triplet in the Raman spectrum (only doublets are allowed for B 2 modes). For the same In the region of 1000 to 1650 cm -1 the i.r. spectra show several weak bands which can only arise from overtones or combination vibrations. Since only B 2 and E modes are i.r. active, the multiplication rules for symmetry species have to be taken into account as has been done with the tentative assignment given in Table 1 .
Force Constant Calculation
The force constant calculations were made using a modified Urey-Bradley force field of the same type as has been succesfully applied in the vibrational analyses of other cyclic sulfur molecules, e. g. S 7 [33] . The details have been discussed in these earlier papers.
The cartesian coordinates of the atoms were calculated from the results of the room temperature When an additional bond-bond interaction force constant P 3 (NSS) was introduced it adopted a very small negative value leading to an only slightly better agreement between calculated and observed wavenumbers. Table 5 were used. In the beginning, groups of force constants were varied but in the last run all 9 force constants were allowed to vary simultaneously until the alterations became negligible. The calculated wavenumbers as well as the potential energy distribution to the symmetry coordinates are given in Table 5 . The maximum difference between observed and calculated wavenumbers amounts to 11 cm -1 . The final Urey-Bradley force constants as well as the valence force constants obtained from the F matrix are shown in Table 6 .
The internal coordinates
It is pleasing to see that the observed 14 N/ 15 N isotopic shifts Av of 13 of the 14 fundamentals agree with the calculated shifts within 4 cm -1 (Table 5 , last column). Only in case of the bending mode v 13 (E) the calculated shift exceeds the observed one by 7 cm -1 indicating that the potential energy distribution of this mode is not correctly reproduced by the force field applied. Several attempts were made to adjust the calculated to alternatively assigned observed wavenumbers. The most reasonable alternatives seem to be v 8 (B 2 ) =925 and v u (E) =765 cm -1 or, on the other hand, V8(B2) =701, v n (E) =925 and r 12 (E) = 765 cm -1 as has been proposed by Turowski et al. [13] . Using the same force field as mentioned above it was, however, not possible to obtain a reasonably good agreement between observed and calculated wavenumbers for these two assignments. Furthermore, in the first case an unacceptably low stretching force constant / r (SN) was obtained.
Finally, it should be mentioned that almost all of the 58 different calculations carried out showed V9(B2) at higher wavenumbers than v 13 (E). Therefore, the assignment ^ = 552 and r 13 = 521cm -1 , which is also supported by the quite different isotopic shifts of the two modes, seems to be well established.
In the introduction it has been mentioned that some authors claimed SS bonds between all sulfur Table 6 unreasonably low wavenumbers for at least three normal modes were obtained: r 2 (A 1 )=367, v 7 Table 6 ). No information about the total number and kind of force constants used was given [46] .
